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ABSTRACT

NASA/Army UH-60A Airloads Program flight test and full-sealUH-60A Airloads wind tunnel test data are investi-
gated in order to better understand and predict the chomibgmoments, one of the unresolved issues in the UH-60A
rotor loads prediction. Coupled Helios/RCAS analysis iggrened and the calculated rotor loads are compared with
the test data. RCAS alone analysis is also performed by eqgpigeasured airloads from the tests as prescribed exter-
nal loads. Effects of the lag damper model are examined leyilzding lag damper loads using a nonlinear lag damper
model or by applying measured lag damper loads as presceiiednal loads. Both airloads and damper loads are
important for the accurate prediction of chord bending matsie The calculated chord bending moments with the
prescribed measured airloads and measured damper loadstehbest correlation with the wind tunnel test data. In
particular, the 4 and 5/rev harmonic correlation is excell@he effects of drive train dynamics and hub impedance
on the chord bending moments appear to be very small for thd tinnel test. Those effects may still be important
for the flight test vehicle, although they might be smallenthvhat was suggested in previous studies.

NOTATION My hub pitching moment

A rotor disk area m section pitching moment per unit length

' R rotor radius
a speed of sound o T rotor thrust
Ceam chord bending moment coefficieMcg/p(QR)?AR ac corrected shaft angle, positive backward tilt
Crawm flap bending moment coefficieles/p(QR)?AR U advance ratio
Cuix hub rolling moment coefficienti,/p(QR)?AR 5 freestream density
Cwmy hub pitching moment coefficientdy/p(QR)?’AR 4 rotor solidity
Crm torsion moment coefficienit /p(QR)?AR 0 rotor angular velocity
Cr rotor thrust coefficientl /p(QR)%A
c blade chord
I section lift per unit length
MZ2¢ section lift coefficient| / 3 pa’c INTRODUCTION
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mcgm Ele;:(';lé)r;hp(;tr%hg;gng}ﬁgﬁqr:nigﬁzﬂmerrrn,/2pa ¢ Rotorcraft aeromechanics prediction capability using-cou
Meg blade flap bending moment pled computationa_ll fluid dynamics (CFD) / rqtorcraf_t com-
My blade torsion moment prehensive analysis (CA) has advanced significantly inmece
Miip hover tip Mach number years (Refs. 1_—7). For the loads a_n_alysis c_>f a UH-60A rotor,
My hub rolling moment three challenging level flight conditions (high speed C8534

low speed C8513, and high thrust C9017) of the NASA/Army
Presented at the AHS 72nd Annual Forum, West Palm BeadlH-60A Airloads Program flight test data (Ref. 8) have been
FL, May 17-19, 2016. This is a work of the U.S. Governmengxtensively studied using various combinations of CFD/CA
and is not subject to copyright protection in the U.S. DIStools (Refs. 1,9-13). Figurgé shows the UH-60A Airloads
TRIBUTION STATEMENT A. Approved for public release; aircraft in flight. All the coupled analyses, in general,\sho
distribution is unlimited. satisfactory airloads correlation with the test data. Hawe




the prediction of the structural loads did not show the samgsing a nonlinear lag damper model or by applying measured
level of correlation. Although flap bending and torsion molag damper loads as prescribed external loads.
ment correlation was reasonably good, chord bending mo-

ment correlation was particularly poor. In Ref. 13, the cou- DESCRIPTION OF EXPERIMENTS

pled CFDICA analyses significantly underpredicted peak_t?};his section provides brief summaries of the test hardware,

peak chord bending moments, especially 4/rev harmonic a strumentation, and data acquisition of the flight and wind

plitude. The effects of drive train dynamics were examine ltests. Similariti d diff bet thet
using a simple one degree-of-freedom shaft drive train mhod unnettests. simrarties and diterences between
will be emphasized.

which consists of polar mass moment of inertia, spring-stiff
ness, and damping. Moment of inertia values were varied wi
a fixed stiffness value to simulate the high frequency driv

train modes. The overall correlation in the half peak-ta#pe 14 flight test data used in the present study were obtained
magnitude and 4/rev harmonic component started to mpromring the NASA/Army UH-60A Airloads Program con-
with a smaller moment of inertia value. This result showeg | ted from August 1993 to February 1994 (Ref. 8). The four-
that the dynamic coupling between the rotor and the driVﬁladed, articulated main rotor system of a UH-60A Black-

train is likely a key contributor for the improvement of cor o aircraft consisted of four subsystems: hub, bladdpitc
bending moment correlation. However, due to the limitation;, trols  bifilar vibration absorber, and main rotor bladas

of the simple drive train model used in the parametric variasifiiar pendulum-type vibration absorber system was matinte

tions, this study also suggested thata more complex & tr ,, 1, of the hub to reduce 3/rev rotating in-plane loads rMai

model, which can capture higher frequency modes, should Bg, yampers were installed between each of the main rotor

developed and incorporated into the analysis. spindles and the hub to restrain lead-lag motion of the main
A more recent full-scale UH-60A Airloads wind tun- rotor blades during rotation.

nel test at the National Full-Scale Aerodynamics Complex Two of the blades were heavily instrumented: one with
(NFAC) 40- by 80-Foot Wind Tunnel (Ref. 14) provides an-sypminiature pipette-type pressure transducers and dhe wi
other set of airloads and structural quds measuremerys. Fh mix of strain-gauges and accelerometers. Absolute pres-
ure 2 shows the UH-60A rotor blades installed on the NFACgres were measured at nine radial locations. Blade flap-bend
Large Rotor Test Apparatus (LRTA) in the wind tunnel tes{ng chord bending, and torsion moments were measured with
section. One of the objectives of tht_a wind tunnel test wagyo.- or four-leg strain-gauge bridges bonded to the secend i
to provide data to help evaluate the differences between fukyrymented blade. The gauges were located at the blade root
scale wind tunnel and full-scale flight tests. To accomplisfiy 1 304 radius) and then evenly distributed along the blade
this, data were acquired at a limited number of conditiong; 1094 increments of the rotor radius (20%90%). Flap
matching those tested during the flight tests. Detailed dajfanding moments were measured at all nine radial locations.
comparisons between the wind tunnel and flight test data wegg, g bending moments were measured at eight radial lo-
performed in Ref. 15. Blade section airloads (normal forcgations with no measurement at 90%R and torsion moments
and pitching moment) generally agree well between the,test§ere measured only at 30%R, 50%R, 70%R, and 90%R. Ad-

although noticeable differences were observed in pitchiog  gjtional instrumentation included strain gauges on thehpit
ment at 92%R. Blade flap bending and torsion moments al§@ks, |ag dampers, and rotor shaft.

agree well b_etween the tes_ts. However, there were sutmftanti All pressure signals were filtered using 550 Hz low-pass
differences in cho_rd bending moment_s, especially the 4/reby_ pole Butterworth filters and digitized at a rate of 2142 sam
and 5/rev harmonic components. This study recommendeg

that the potential effects of the drive train dynamics and i es/sec/channel. The non-pressure S'gnals were f"_te?’?d u
. . . ing 110 Hz low-pass 6-pole Butterworth filters and digitized
plane hub motion be further investigated.

at a rate of 357 samples/sec/channel. For a typical legtfli
The present paper investigates the UH-60A rotor structurgdst condition, a 5 second time slice (approximately 19 rev-
loads from the flight and wind tunnel tests to better undepjutions) was stored in the database. For comparison with
stand the differences in chord bending moments observedyjfind tunnel test data and analyses, the data were corrected
Ref. 15 and to better predict these moments. Coupled CHBr the signal delay caused by the antialiasing filters on top
and CA analysis predictions of rotor structural loads ad webf a zero azimuth reference correction (Ref. 16). A filter-cor
as airloads results are ComparEd with the test data. Strl.l'@'ction of 1.7 deg was app“ed for the pressure channels and
tural loads are also calculated by applying measured aisloag correction of approximately 8.6 deg was applied to all the
from the tests as prescribed external loads. By prescribipn-pressure channels from the flight test, including ttadtsh

the measured airloads, the coupled aeroelastic respooise pihending gauge. Additional details on these correctionsean
lem is reduced to one involving only structural dynamicSfound in Ref. 15.

This may help to identify whether sources of inaccuracies in

the structural loads prediction originate from deficiesdi®  \wind Tunnel Test

aerodynamics or structural dynamics. For both coupled and

prescribed measured airloads analyses, the effects oathe The NFAC test (Ref. 14) used the same four rotor blades flown
damper model are examined by calculating lag damper loadsring the Airloads Program flight test. The remaining rotor
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system hardware was predominantly UH-60A flight hardwareias estimated from known quantities. The main rotor lig.(i.
(although not the same as used in flight), including spindlesosine component of the main rotor thrust) is estimated by
hub, pitch links, and swashplate. For this test, the biftarf subtracting fuselage lift, stabilator lift, and canted taitor
arm plate was installed but the pendulum weights were néft from gross weight (Refs. 13,17). When testing in a wind
attached (no 3/rev in-plane load absorption). tunnel, the wind tunnel walls alter the streamlines aroumed t

The rotor assembly was mounted on a large test stand wifi°del and change the loads and effective angle of attack on
its own fixed system controls and rotor drive system (trandh® model. A wind tunnel wall correction, in the form of an
mission, electric motors). The interface between the UA-goinduced angle correction, was used to estimate the change in
rotor and test stand occurred at three locations: the UH-6(209!€ of attack of the model due to the tunnel walls (Ref. 18).
shaft extender and test stand shaft, the swashplate guitle d19 account for these and other uncertainties in the trim and
transmission, and the non-rotating swashplate and the fix@@€rating conditions, the wind tunnel test obtained thebas
system controls. The rotor and test stand were installed orl3€ data by matching the estimated flight conditions and the

three-strut support system in the NFAC 40- by 80-Foot Wwin@cduired additional data for derivative points around!iaise-
Tunnel section as shown in Fig. line. These derivatives included changes in thrust, hub mo-

. ) o . ments (pitching and rolling), and shaft angle.
The rotor blade instrumentation was essentially identaal

the flight test, with five additional blade torsion gagesafistl Three flight test points were simulated during the wind
on the strain-gage blade. Equivalent pitch link, damped, anynnel testing and the trim and operating conditions fos¢he
shaft bending gages were also installed. The test stand ipntched data sets are provided in TahleDuring post-test
cluded a rotor balance and flex-coupling to provide direcinalysis of the data, it was found that some of the original
measurements of rotor hub forces/moments and shaft torqigyht trim targets had been incorrectly specified. That igwh
Angle of attack was measured based on model rotation aggk rotor hub moments do not exactly match the trim targets.
airspeed based on calibration of wind tunnel wall pressuresnevertheless, the trim values remained relatively closkeae

All pressure signals were filtered using 2000 Hz low-paswell within the trim range from the derivative points. The ef
filters and digitized at a rate of 2048 samples/rev/chariited. fects of these trim differences are small for the airloads an
non-pressure signals were filtered using 400 Hz filters argiructural loads data which are used in this paper.
digitized at a rate of 256 samples/rev/channel. Correstion
for the time delay caused by the anti-aliasing filters were in AS an example, comparisons of oscillatory structural load

corporated in the data reduction process. A typical NFAE te§me histories (with means removed) between the flight test
point consisted of 128 revolutions of data. (C8424) and wind tunnel test (R47P21) condition are pro-

e\F(ided in Fig.3. The C8424 stands for flight counter 84, data

. . ) : oint 24 and the R47P21 for wind tunnel run 47, data point
test mechanical system configurations can be categorized

diff in the drive train d S d fthe hu-s The normalized flap bending moment at 60%R and tor-
erences in the drive train dynamics, impedance o %ion moment at 30%R match very well between the two tests.

and control system, and effects of the bifilar absorber on ﬂﬁowever, the chord bending moment at 60%R does not match

hub. In terms of aerodynamic condition, the differences a)r&i

o . early as well as the flap and torsion moments. In particular,
th_e aerodynamic inflow field causegl by fuselage and I‘RTt e wind tunnel data show lower amplitudes as well as some
faired body and wall effects of the wind tunnel.

phase differences.

The major differences between the flight and wind tunn

Matched Conditions Figure 4 provides the half peak-to-peak and harmonic

) ) ) magnitude of chord bending moments along the blade span.
During the wind tunnel test, data were acquired at three cofe gifferences between the flight and wind tunnel tests are
ditions matching those tested during the Airloads Prograngearly demonstrated in this figure. The flight test had highe
This section describes the specific trim and flight pararsetef rey and 2/rev magnitudes for all radial stations. Thev3/re
that were matched during the wind tunnel test and simi&giti magnitudes matched well but the 4/rev and 5/rev were signif-
and differences in the measured loads between the two test@anﬂy different. In particular, the flight test had highérev

During the wind tunnel test, specific non-dimensionamagnitudes over the entire blade, while the wind tunnel had
flight parameters and trim targets were matched. The tritngher 5/rev magnitudes outboard of r/R=0.20. Reference 15
targets were rotor thrus€¢ /o) and hub rolling and pitch- explained that the differences in 1/rev and 2/rev chord bend
ing moments Qux/o andCyy/0) derived from the rotating ing are most likely due to differences in installed lag dampe
shaft bending gage. The flight operating conditions were tipharacteristics/response. It was also recommended that th
Mach number¥kip), advance ratiog{), and wind tunnel cor- potential effects of the drive train dynamics and in-planb h
rected rotor shaft anglex). There are uncertainties in the motion be further investigated in order to understand wiey th
parameters for this matching process. Of these parametesignificant differences occurred at 4/rev and 5/rev.
the one with the highest uncertainty from the flight test was
rotor thrust. The parameter with the highest uncertaintgnvh ~ This paper focuses on the advance ratio of 0.3 cases
set in the wind tunnel was the corrected rotor shaft angle. B€C8424 and R47P21) and presents the detailed analyses and
cause there was no direct measure of rotor thrust in flight, @omparisons with the test data.
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DESCRIPTION OF ANALYTICAL the DoD High Performance Computing Modernization Of-
METHODS fice (Refs. 23-25). Helios uses an innovative multi-mesh

paradigm that uses unstructured and/or structured meshes i
The analytical results were obtained using the compretensithe near-body close to the solid surfaces to capture the wall
analysis RCAS and coupled Helios/RCAS. Descriptions dfounded viscous effects and Cartesian grids in the off-body
each analysis and how they are coupled to produce a higtierresolve the wake through a combination of higher-order

fidelity solution are provided in this section. algorithms and adaptive mesh refinement (AMR). An over-
set procedure facilitates data exchange and also enaldes re
RCAS tive motion between meshes. The parallel domain connectiv-

ity solver PUNDIT (Parallel UNsteady Domain Information
ransfer) automatically handles data exchange between ove
etting meshes. CFD is loosely coupled with comprehensive
analysis RCAS to solve the rotorcraft structural dynamias a
trim. A lightweight Python-based software integrationfie:
owork orchestrates data exchange between the modules.

Rotorcraft Comprehensive Analysis System (RCAS) (Ref. 19
is a comprehensive multidisciplinary, computer softwaie s
tem for predicting rotorcraft aerodynamics, performaista;
bility and control, aeroelastic stability, loads, and waition.
RCAS is capable of modeling a wide range of complex r
torcraft configurations operating in hover, forward fligéwd The OVERFLOW (Ref. 26) near-body solver is used for
maneuvering conditions. The RCAS structural model enthe blade meshes in this study. A fifth-order central differ-
ploys a hierarchical, finite element, multibody dynamics fo ence scheme is used for spatial discretization. Second and
mulation for coupled rotor-body systems. Itincludes adilyr  6th-order artificial dissipation terms are added to make the
of primitive elements including nonlinear beams, rigid od scheme stable. For temporal discretization, a second-orde
mass, rigid bar, spring, damper, hinges and slides to build accurate diagonalized Beam Warming pentadiagonal scheme
bitrarily complex models. RCAS has been used recently fas used along with a dual-time algorithm and sub-iterations
performance, airloads, and structural loads analysegimiug For turbulence modeling, the one-equation Spalart-Alamar
rotors including the UH-60A (Refs. 13, 20, 21). model is used.

The structural model of the UH-60A rotor employed inthis The Cartesian off-body solver in Helios, SAMCart, is a
study was validated based on the prescribed measured @ombination of the block structured meshing infrastrugtur
loads. Ho et al. (Ref. 22) specified measured airloads fro®AMRAI and a new Cartesian off-body solver (Ref. 25). The
flight test (Ref. 8) as prescribed external loads and then coroff-body CFD solver used here is a temporally third-order ex
pared the resulting structural response with the measiered plicit Runge-Kutta time integration scheme and a fifth-orde
sponse. The close agreement between the RCAS calculatiaestral difference spatial scheme with scalar artificiakdi
and test data provides significant confidence in the strakttumpation similar to the OVERFLOW solver. The inviscid Euler
dynamics modeling and analysis methodology. The saneguations are solved in the off-body.

RCAS alone analysis with the prescribed measured airloads
is also conducted in this paper for the flight and wind tunneétr
matched conditions.

The computational grids model the UH-60A blade geom-
y, but do not include a hub, the LRTA, or the wind tunnel
walls in the wind tunnel configuration, or the UH-60A hub
For the present analysis, the blade is composed of Hhd fuselage in flight. The main near-body blade grid for each
nonlinear beam elements and 26 aerodynamic panels, calledor blade has 265 points chordwise, 189 points along the
aerosegments. A series of rigid bars and spring elements &jfgan, and 69 points in the normal direction using an O-mesh
used to represent the pitch control linkage. Detailed rotaopology. The blade grid is overset with a root cap and a tip
pitch control system linkage geometry, stiffness, and imenl cap grid. There are 4.6 million points per blade. The offyood
ear lag damper (based on nonlinear force-velocity relatiomyrid has 7 levels of fixed refinement resulting in a finest level
ships) are also incorporated. However, the analytical hodgrid spacing of approximately 7% chord (1.5 inches) and a
does not include stand dynamics nor drive train dynamicgotal of 74 million nodes. All simulations were carried out
The swashplate flexibility is not modeled. Thus, the pitok li for 3.5 rotor revolutions using a time step of 0226 CFD.
flexibility represents all flexibility of the control systeniNo  Within each time step, 30 dual-time sub-iterations wereluse
bifilar model was incorporated in the analyses for eithehflig in the near-body grids and 5 explicit sub-steps in the offybo
or wind tunnel tests. grids. Solutions were run on 192 processors.

Helios Coupling procedure and trim

The coupled CFD/CA analyses presented herein were pethe CFD/CA coupling procedure in this paper uses the stan-
formed using the DoD Computational Research and Engitard loose or delta coupling approach (Ref. 1). Comprehen-
neering Acquisition Tools and Environments Air Vehiclessive analysis RCAS solves for the rotor structural dynamics
(CREATETM—AV) Helios version 6 software. Helios (HE- and trim. High-fidelity CFD analysis was performed using
Licopter Overset Simulations) is the rotary-wing producHelios/OVERFLOW. At each coupling iteration the aerody-
of the US Army and CREATE-AV program sponsored bynamic loads calculated by OVERFLOW are passed to RCAS.
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After trimming with the OVERFLOW airloads increment, prescribed). Mean values were removed for the pitching mo-
RCAS computes the blade deflections relative to the bladeents because errors in the trailing-edge pressure taps can
frame of reference and passes them back to OVERFLOWave large effects on integrated section pitching moméiits.
The coupling between CFD and CA was done at every 9thigh speed, the airloads on the blade tip region are geperall
rotor azimuth. The airloads and blade motions at conseeuticharacterized by negative lift at the end of the first quadran
coupling CFD/CA iterations converged after 3.5 rotor revol and the beginning of the second quadrant. The coupled anal-
tions. While an azimuthal step size of 0228440 steps per ysis accurately captures this trend, with a steady offsanes
rotor revolution) was used in the Helios calculations, & 5.0of the small, high-frequency oscillations in the test datthie

(72 steps per rotor revolution) azimuthal step size was feed first quadrant resulting from the wake interaction are aégw ¢

the structural dynamic calculations in RCAS. The trim parantured in the coupled solution. It is well known that the phase
eters used in the predictions were the same as those from tifehe airloads from the coupled analysis is significantly im
test, including non-dimensional rotor thrust, and hubimgll proved over comprehensive analysis with lifting-line alro

and pitching moments. In addition, rotor blade tip Mach numnamics. However, the phase correlation is not perfect. The
ber, advance ratio, and shaft angle of attack were specified.coupled analysis tends to overpredict the magnitudes of ad-
vancing blade pitching moments and peak-to-peak magnitude
at 77.5%R, but underpredict them at 96.5%R.

Figure6(a)compares the Helios/RCAS calculated oscilla-
Structural loads are also calculated by applying meastired atory damper loads with the measured data. The calculated
loads from the tests as prescribed external loads. By pbescrdamper loads underpredict the peak-to-peak amplitude and
ing the measured airloads, the coupled aeroelastic resposfiow a phase difference. However, these differences made a
problem is reduced to one involving only structural dynanic negligible impact on the airloads calculations shown in Big
This may help to identify whether sources of inaccuracies iRigure6(b) will be explained later.
the structural loads prediction originate from deficiesdie
aerodynamics or structural dynamics.

Prescribed measured airloads

Figure7 compares the calculated and measured oscillatory
structural loads. Mean values were removed from both test

For the present analysis, measured blade section nornti@ta and analyses. Again, the dotted blue lines represent th
force, chord force, and pitching moment are prescribedglorHelios/RCAS analysis results with the nonlinear lag damper
the blade span to an isolated single-bladed rotor. Measurstbdel (damper loads calculated) and the red solid lines rep-
airload data are available at nine radial locations, andtss-i resent the Helios/RCAS analysis results with the presdribe
polated airloads, by cell averaging, are prescribed at@@lra measured lag damper loads (damper loads prescribed). Fig-
locations. The blade pitch controls are also prescribece Thures7(a), 7(d), and 7(g) show the oscillatory flap bending
motion of the pitch control slide element in RCAS, which ismoments at 11.3%R, 30%R, and 60%R, respectively. The
located at the base of the pushrod, is adjusted to match withupled analysis shows reasonably good correlation wéh th
the measured collective and 1/rev cyclic angles at the pitdhight test data. The peak-to-peak amplitude is well predict
bearing. The azimuthal resolution of the analysis is 1.5 defut there is an approximate 10-deg phase difference between
which is same as the airloads resolution for the flight test. the data and analysis. Lag damper loads (calculated vs. pre-
scribed) are important only for the most inboard radial oca

RESULTS AND DISCUSSION tion.

Figures7(b), 7(e) and7(h) show the oscillatory torsion
In this section, selected data from the flight (C8424) andiwinmoments at 30%R and 70%R and pitch link load, respec-
tunnel test (R47P21) are compared with predictions frorh botively. The behaviors of torsion moments at 30%R and pitch
coupled Helios/RCAS analysis and RCAS analysis with prdink loads, which are interdependent, are predicted ressgn
scribed measured airloads. For both analyses, the efféctsveell in the first and second quadrants, but are not satigfacto
the lag damper model are examined by calculating lag dampierthe third and fourth quadrants. In general, the torsioR mo
loads using a nonlinear lag damper model or by applying meazent correlation at 70%R is worse than that at 30%R. The

sured lag damper loads as prescribed external loads. effects of the lag damper loads on the torsion moments are
very small.
Flight test condition, C8424 Figures7(c), 7(f), and 7(i) show the oscillatory chord

bending moments at 11.3%R, 30%R, and 60%R, respectively.
Coupled Helios/RCAS analysis Figure5 shows nondimen- As expected, the lag damper loads have more influence on
sional blade section normal force and pitching moment d@he chord bending moments than the flap bending and tor-
77.5% and 96.5% radial locations. The black solid lines insion moments. The correlation of the chord bending moment
dicate the measured data from the flight test, the dotted bla¢ 11.3%R is excellent with the prescribed measured damper
lines represent the Helios/RCAS analysis results with ite n loads. The analysis with the nonlinear lag damper model
linear lag damper model (damper loads calculated), and tsbows worse correlation at 11.3%R in both waveform and
red solid lines represent the Helios/RCAS analysis resulfshase due to the inaccurate lag damper loads predictiormshow
with the prescribed measured lag damper loads (damper loadsFig. 6(a) Better waveform and peak-to-peak correlation
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were observed at 30%R with the prescribed measured damperFigure 10 compares the half peak-to-peak and harmonic

loads. Both lag damper models, however, significantly undemagnitude of chord bending moments along the blade span.
predict the magnitude of chord bending moment at 60%R. For the calculated lag damper load case, the results with
the prescribed measured airloads show much better correla-

Chqrd bending mc_;ment, .Wh'Ch Is a main focus of thl%ion with the measured data compared to those with the He-
study, is further examined. FiguBecompares the half peak- ljos/RCAS analysis shown in Fig, mostly because 1, 3

to-peak and harmonic magnitude of chord bending moments . . .
along the blade span. Chord bending moments are strongly alqd 4/rev harmonic magnitudes increased. Although the 4/re

L - harmonic magnitude is still substantially underpredieteen
fected by the damper loads. The analysis with the prescrlbgv(?[(h the increased magnitude observed, the results show the

measured lag damper loads increases the half pe‘rjlk'to'peaportance of airloads for the prediction of the 4/rev hanito

. . . [
tthtgr\:\l/ti;jhd?r?eaggntlrnuesa:n:jgrrzvisr tmhg dz?rreé?/té%nv;?hm&aer?g]gd thus overall chord bending moments. For the prescribed
o nper ' _— measured lag damper loads case, the half peak-to-peak value
provement,_ there is still a 5|gn|f|cant_ underpredlctlone\AP-r did not change much compared to the Helios/RCAS analysis.
ous analys_ls of the UH-60A r(_)tor using Hel|(_)s/RCAS exam_However, the correlation of 3 and 4/rev harmonic magnitudes
ined the difference between linear and nonlinear lag damper

models (Ref. 13). The study showed that 1) lag damper mof' significantly improved. These results indicate the impor

eling has an important influence near the root of the bla gnce of lag damper loads on the chord bending moment cor-

e . . .
. T . rélation. A drive train model may be needed to better match
and its effect diminishes around mid span and 2) lag dampet : ) i )
: . . ith the 4/rev harmonic magnitude but its effects might be
modeling did not affect the 4/rev chord bending moments an :
. . L maller than what was suggested in Ref. 13.
both the linear and nonlinear lag damper models S|gn|f|yantF
underpredict the 4/rev harmonic magnitude. Unlike those ob
servations, the present analysis with the prescribed megsuWind tunnel test condition, R47P21
damper loads increases the 4/rev harmonic component around
the mid span and thus meaningful improvement is obtained This section examines the wind tunnel test data and focuses
on the chord bending moments, as both flap bending and tor-

o ) ) ~sion moment results are very similar to those in the flight tes
RCAS analysis with prescribed measured airloads This  gaction.

subsection investigates the structural loads calculateah f

the prescribed measured airloads (normal force, choreforc . o )
and pitching moment) using RCAS alone. Structural loads°uPled Helios/RCAS analysis Figure 11 shows nondi-

are calculated for C8424 and the results are compared withensional blade section normal force and pitching moment at
the measurements in Fig. Again, the effects of lag damper 77.5% and 96.5% radial locations. The predicted section nor
are examined by using either the nonlinear lag damper mod®@! force and pitching moment for the wind tunnel test are
(damper loads calculated) or prescribing the measured | ost identical to those for the flight test because the trim

damper loads (damper loads prescribed) in addition to ttfhd operating conditions are matched. The measured data be-

measured airloads. Figuféb) compares the RCAS calcu- tween the tests agree very well at 77.5%R, but show some
lated damper loads with the measured damper loads. differences at 96.5%R. The overall correlation at 77.5%R is

same as for the flight test. However, the coupled analysis bet
Calculated and measured flap bending moments shownti predicts the magnitude and phase of the negative lithfer
Figs.9(a) 9(d), and9(g)are in good agreement, and the excelwind tunnel test than for the flight test shown in Fig Pitch-
lent magnitude and phase correlation at 30%R is noteworthyg moment correlation at 96.5%R is also improved compared
The flap bending moment correlation at 60%R is also signito the flight test.

icantly improved in both magnitude and phase compared to
the Helios/RCAS analysis shown in Figjg). This shows the
importance of airloads for accurate prediction of flap ben
ing moments. Figure8(b), 9(e) and9(h) show the oscil-
latory torsion moments at 30%R and 70%R and pitch lin
load, respectively. The analysis with the prescribed me
sured airloads shows slightly better correlation than the c Figure 13 compares the calculated and measured oscilla-
pled analysis on the retreating side. However, the overdlhry chord bending moments at 11.3%R, 30%R, and 60%R,
correlation did not improve much. In general, the effects ofespectively, with damper loads calculated with the n@din

the lag damper on the torsion moments are very small. Figrg damper model and damper loads prescribed with the mea-
ures9(c), 9(f), and9(i) show the oscillatory chord bending sured values. The Helios/RCAS analysis with the nonlinear
moments at 11.3%R, 30%R, and 60%R, respectively. THag damper shows reasonably good correlation of the chord
calculations and measurements agree very well for the chdbeénding moment at 11.3%R on the retreating side, but the
bending moments at 11.3%R, but the correlation gets worseaveform on the advancing side is not accurately captured.
for the outboard locations. Again, the analysis with the medrhis is consistent with the lag damper load correlation show
sured airloads improves the chord bending moment correla Fig. 12(a) The correlation of the chord bending moment
tion compared to the coupled Helios/RCAS analysis. at 11.3%R is excellent on both advancing and retreatingside

Figure12(a)compares the Helios/RCAS calculated oscil-
(J_atory damper loads with the measured data. The calculated
damper loads shows reasonably good correlation of the peak-
Il,'<o-peak amplitude but were not able to accurately captwge th
g\!aveform. Figurel2(b)will be explained later.



with the prescribed measured damper loads. However, meitheetween the flight and full-scale wind tunnel tests. Coupled
model was able to accurately predict the waveforms at 30%Relios/RCAS analysis is performed and the calculated rotor
and 60%R. Nonetheless, correlation for the wind tunnel tegtads are compared with the test data. RCAS alone anal-
is better than that for the flight test shown in the right calumysis is also performed by applying measured airloads from
of Fig. 7. As the predicted chord bending moments did nothe tests as prescribed external loads to help identify heret
change much, the reason for the better correlation is becawsources of inaccuracies in the structural loads predictiay

of the changes in the measured data from the flight to the winidate from deficiencies in aerodynamics or structural dynam
tunnel test. ics. The effects of the lag damper model are examined by cal-

Figure 14 compares the half peak-to-peak and harmoni‘éu'aﬂng lag damper loads using a nonlinear lag damper model

magnitude of chord bending moments along the blade spaq{ by applying measured lag damper Ioa}ds as presgnbed ex-
Predicted chord bending moment harmonics correlate reasdfi/n@! 10ads. From this study the following conclusions are
ably well with the measured harmonics for the most part. Thigotained:

correlation is much better than the correlation with thehtlig 1) Although the coupled Helios/RCAS analysis shows rea-
test data shown in Fig8. The half peak-to-peak and 1 andsonably good flap bending moment correlation for the flight
2/rev harmonic magnitudes did not change much between ttgst, the flap bending moments calculated from the measured

damper loads calculated with the nonlinear lag damper mocd@irloads show much better correlation with the test data.

and the damper loads prescribed with the measured loads. Thez) The ana|ysi5 with the measured airloads also impro\/es
3/rev harmonic magnitude is better pI'EdiCtEd with the menli the chord bending moment correlation Compared to the cou-
ear lag damper model and 4 and 5/rev harmonic magnitudgfed Helios/RCAS analysis. This shows the importance of
are better predicted with the prescribed measured lag dampgrloads for the accurate prediction of flap and chord bendin
loads. moments. The chord bending moment correlation, especially

4/rev harmonic magnitudes, further improves by prescgbin
RCAS analysis with prescribed measured airloadsFig- the measured lag damper loads.

ure 15 compares the calculated and measured oscillatory 3) The chord bending moment correlation for the wind tun-
chord bending moments at 11.3%R, 30%R, and 60%R, rfe| test is much better than that for the flight test. The calcu
spectively, with the prescribed measured airloads. For thgted chord bending moments with the prescribed measured
nonlinear lag damper case (the calculated damper loads @fifioads and measured damper loads show the best correlatio
shown in Fig.12(b), the results show much better correla-ith the wind tunnel test data. In particular, the 4 and 5/rev
tion with the measured data compared to those with the Haarmonic correlation is excellent. These results for thedwi
lios/RCAS analysis (Figl3). The correlation of the chord tunel test suggest that the effects of drive train dynamics o
bending moment at 11.3%R is excellent with the prescribegub impedance on the chord bending moments appear to be

measured damper loads. The correlation on the retreatieg sivery small or even negligible for the wind tunnel configura-
is also excellent at 30%R and 60%R with the prescribed megon, although these could be compensating effects.

sured damper loads. 4) Drive train dynamics or hub impedance are probably

Figure 16 compares the half peak-to-peak and harmoniinportant for the flight test data, but their effects on therch
magnitude of chord bending moments along the blade spasending moments might be smaller than what was suggested
The predicted half peak-to-peak and harmonics magnitudgsprevious studies.
correlate well with the measured values for the most part wit
the prescribed lag damper loads. In particular, the 4 ara5/r REFERENCES
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Table 1. Flight and wind tunnel matched conditions.

Pt Type Pt#  Mp ac  Cr/o  Cwx/o  Cw/o
Flight C8424 0.637 0.304 -4.32 0.088 -0.00092 -0.00058
wind tunnel R47P21 0.637 0.303 -4.16 0.087 -0.00071 -0.B008
Flight C8525 0.642 0.233 -1.56 0.077 -0.00116 -0.00022
wind tunnel R60P18 0.642 0.232 -1.48 0.077 -0.00119 -0.6003
Flight C9020 0.670 0.244 -052 0.118 -0.00059 -0.00012
wind tunnel R60P28 0.669 0.245 -0.50 0.118 -0.00059 -0.6001

Fig. 1. UH-60A Airloads rotor in flight.

F Y,

Fig. 2. UH-60A rotor system installed on the Large Rotor TestApparatus in the NFAC 40- by 80-Foot Wind Tunnel.




2 ——Flight test (C8424)

——Wind tunnel test (R47P21)
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(c) Chord bending moment @ 60%R

Fig. 3. Blade structural loads comparison between flight andvind tunnel tests.
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6 —@—Flight test (C8424) 6
----- Wind tunnel test (R47P21)
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Fig. 4. Half peak-to-peak and harmonic magnitude of chord bading moments comparison between flight and wind
tunnel tests.
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03— Fiight test (C8424) 03

----- Damper loads calculated
——Damper loads prescribed
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Fig. 5. Blade section normal force and pitching moment from Hlios/RCAS,u = 0.304,Cy /o = 0.088 (Flight Test, C8424).

3 —Flight test (C8424) 3 — Flight test (C8424)
——Helios/RCAS — Prescribed measured airloads
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(a) Helios/RCAS (b) Prescribed measured airloads

Fig. 6. Comparison of time history of lag damper loadsu = 0.304,Cr /o = 0.088 (Flight Test, C8424) .
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——Flight test (C8424) ¢ —Flight test (C8424)
----- Damper loads calculated -----Damper loads calculated
—— Damper loads prescribed —— Damper loads prescribed
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Fig. 7. Structural loads from Helios/RCAS, u = 0.304,Cy /o = 0.088 (Flight Test, C8424).
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6 @ Flight test (C8424) 4
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Fig. 8. Half peak-to-peak and harmonic magnitude of chord bading moments from Helios/RCAS,u = 0.304,Cr/0 =
0.088 (Flight Test, C8424).
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——Flight test (C8424)
----- Damper loads calculated
—— Damper loads prescribed
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Fig. 9. Structural loads from prescribed measured airloadspt = 0.304,Cy /o = 0.088 (Flight Test, C8424).
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6 @ Flight test (C8424) 4
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Fig. 10. Half peak-to-peak and harmonic magnitude of chord lending moments from prescribed measured airloadsy
=0.304,Cr /0 = 0.088 (Flight Test, C8424).
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03 = Wind tunnel test (R47P21)
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Fig. 11. Blade section normal force and pitching moment fronHelios/RCAS, 1 = 0.303,Ct /o = 0.087 (Wind tunnel test,
R47P21).
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Fig. 12. Comparison of time history of lag damper loadsp = 0.303,Cr /o = 0.087 (Wind tunnel test, R47P21) .
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=—Wind tunnel test (R47P21)
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Fig. 13. Chord bending moments from Helios/RCASu = 0.303,Cr /o = 0.087 (Wind tunnel test, R47P21).
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6 @ Wind tunnel test (R47P21) 4
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Fig. 14. Half peak-to-peak and harmonic magnitude of chord lending moments from Helios/RCASu = 0.303,Cr /o =
0.087 (Wind tunnel test, R47P21).
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6 —— Wind tunnel test (R47P21)
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Fig. 15. Chord bending moments from prescribed measured aloads, y = 0.303,Cr /o = 0.087 (Wind tunnel test,
R47P21).
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6 @ Wind tunnel test (R47P21) 4
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Fig. 16. Half peak-to-peak and harmonic magnitude of chord lending moments from prescribed measured airloadsy
=0.303,Cr/0 =0.087 (Wind tunnel test, R47P21).
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